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btrodnctioii 

The  design  and  syntfiesis  of  new  materials  are  two  of  die  key  stq[>s  in  die  advancemeiit 
of  tecluKdogy.  For  example,  the  bottleneck  in  fields  as  divene  as  electro-optics,  biomedical 
materials,  or  energy  Monge  is  not  the  visualization  of  new  devtoes,  but  a  lade  of  materials  that 
can  five  iqi  to  the  requirements  of  advanced  designs.  Thus,  significant  advances  in  neariy  all 
fields  of  advanced  lechncdogy  dqiend  almost  conqdetdy  on  the  rate  at  'iriuch  useful  new 
materials  can  be  devised  and  synthesized. 

Pdymer  chemistiy  is  one  of  die  four  main  classical  areas  that  together  comprise  the 
field  materials  sdence.  The  odierdiree,  shown  in  Figure  1,  are  based  almost  entirdy  on 
inorganic  substances,  whereas  most  classical  ptdymers  are  derived  fitom  organic  starting 
materials  (mainly  petrdeum).  Eadi  of  die  four  main  areas  of  materials  science  deals  widi 
classes  of  materials  that  have  distinct  proper^  advantages  and  equally  distinct  limitatioas.  For 
example,  organic  polymers  are  lightweight,  tou^  and  easy  to  fofaricate,  but  in  general  dwy 
cannot  withstand  cgiosure  to  severe  tfaeimal  stress,  diallenging  oxidation  conditkins,  or  high 
eneigy  radiatkxL  On  the  odier  hand,  most  ceramics  have  the  opposite  set  of  characteristics. 

An  answer  to  this  dilemma  is  to  design,  syndiesize,  and  develop  entirely  new  materials 
that  have  properdes  that  are  some  oombinatkxi  those  of  different  classical  materials,  such  as 
toughness  oominned  widi  thermo-oxidative  stabiliQf,  or  ease  of  fitbrication  plus 
semiconduction  or  mm-linear  optical  bduvior.  Conceptually,  such  materials  should  be 
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accesdble  vU  reseaich  carried  out  in  die  oestzil  f^ioB  that  ooDnectt  die  classical  areas,  as 
shown  in  Hgnre  1. 

Periia|)s  die  most  important  point  tt>  be  stressed  is  that  die  four  areas  shown  in  Hgure  1 
are  not  disdnct  fields,  each  widi  its  own  qieciai  set  principles,  but  rather  that  common 
prindides  exist  whidiipply  to  all  of  the  areas,  c^iecial^widireqpect  to  die  influence  on 
properties  of  linear,  branched,  or  crossHnloed  stdid  state  structures.  For  exanople,  most  (rf  the 
attributes  of  ptdymers  ate  a  direct  consequence  of  die  very  long  durin  structure  tdnchfirvors 
molecular  entanglements  and  shodt-absotttng  character  in  the  sdid  state,  and  which  results  in 
low  vtdatiliQr  and  ease  of  fabrication.  If  dieae  "geometrical”  fitotors  ate  taken  into  account, 
most  of  die  differences  between  the  varioos  classes  of  materials  can  be  ascribed  to  the  presence 
of  different  elements  in  the  bacldione  and  different  structural  gtoiqrings  in  die  side  units. 

One  of  the  most  promising  ipproadies  to  dto  development  of  new  materials  diat 
combine  die  advantages  of  organic  pdymers  widi  those  of  inorganic  scdids  is  to  devise 
polyiriexs  dut  have  a  backboiie  of  inorganic  atoiiis  to  wfaidi  are  attached  organic  or 
organometallic  side  groiqis.C^*'^  The  inorganic  baddxme  elements  can  provide  heat-,  fire-,  or 
raduticm-resistance,  or  electrical  conductivity,  as  well  as  materials'  flexilnli^  and  ease  of 
fabrication.  The  side  groups  control  properties  such  as  solubility  or  resistance  to  solvents; 
liquid  crystallinty  or  non-linear  optical  behavior;  refractive  index;  and  surface  properties  such 
as  hydroidiol»city,hydrophilicity,adhesi<xi,  and  biological  conqiatibility.  They  also  provide 
die  means  for  generating  crosslinks  between  chains.  Such  prdymers  are  known  as  "inorganic- 
organic  ptdymers”,  often  abbreviated  to  "inorganic  polymers."  A  related  class  of  pcdymers 
dut  contain  an  organic  backbone  widi  inorganic  elements  in  die  side  groups  Cotganic- 
inorganic"  systems)  will  not  be  discused  here,  but  a  coaqprehensive  review  article  on  diis 
subject  has  recendy  been  published.[^ 

Ptriymerstrf  these  types  serve  as  a  critically  inqxirtant  bridge  between  the  organic  and 
inorganic  materials  areas.  From  die  viewpoint  of  prcqierties,  diey  qun  the  gap  betweoi 
classical  biological  and  petrochemical  polymers  (xi  the  me  hand,  and  mineralogical  materials 
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■nd  ^ndiesized  oenmks  on  the  odier.  Rgure  2  iUustntesdusaudxx's  visualization  of  ^i^iere 
inafgaiiks-Kiisiiifcpidyiiiexslieindiebfoadqwctrumofimaoiixdecuto  The 

"estodc  organic  potymei^  categoy  iodudes  a  nandwr  of  caiboo-tMddx»e  pcdymers  Aat  also 
serve  as  a  bridge  to  classical  inorganic  maierials  because  of  their  electioaic  condnctivi^  and 
dectRHtpdcal  properties. 

Widdn  the  category  of  tnorganic-crganicpolyinen  are  several  ^sterns  dun  have 
received  widequead  attendon  in  recent  years.  Some  of  these  are  listed  as  structures  1-14.  Of 
diese,  die  pc^orgarxmknanes)  (sUkones)  (1)  are  one  of  the  ddest  and  most  extensive^ 
devdoped  systems,  edieteas  pdysilanes  (2)  and  catfaosilanes  (4)  are  among  die  newest 
The  pdyphosphazenes  (6)  include  by  fiv  the  largest  number  different  side  groap  structures 
and  the  widest  divetsity  of  ptopetties.[7*^  Thus,  di^  will  be  used  here  as  one  (rf  die  main 
meaitt  for  illusoating  general  principles.  Polyidioqihazenes  have  reached  an  intermediate 
stage  of  commercial  development  between  those  of  the  p(d]rsiknanes  and  prdysilanes. 

These  four  types  of  polymers,  togedier  with  others  sodi  as  pdysilynes  (3),^3 
pcdysflazanes  (5),  polycarbo-,  duo-,  aiiddiiony]^pho{qduzenes(7-9),  [H'l^pcdymeric 
sulfor  (10)  and  poly(suliur  nitride)  (11),  [1^  pt^organooxoduazenes)  (12),[l‘n  and  several 
metal-containing  carbon  backbone  polymers  (13, 14)[1S>1^]  have  combinations  of  properties 
dut  are  quite  distinct  from  those  of  classical  organic  macromolecules.  Polymers  widi 
exclusively  silicon-oxygen  or  (diosphorusHiitrogen  units  in  the  backbone  are  generally  more 
dienno-oxidadvely  stable  than  dieir  totally  organic  counterparts.  Inorganic-arganic  polymers 
ate  often  more  flexible  and  more  easily  fitbricated  dum  totally  inorganic  species  such  as 


pdysilicaies  or  polyphosphates.  This  increased  ftexil^ty  usually  arises  because  of  die 
absence  erf  ionic  crosslinks  or  three-dimensional  covalent  naatrices.  Moreover,  pdymers  widi 
an  inorganic  backbone  but  with  organic  side  gioiqis  are  usually  more  hydrolydcally  staUe  dum 
polyphosiriiates  or  linear  polysilicates  because  the  organic  side  units  protect  the  backbone 


□  □ 


loudly,  II  the  bottom  of  Hgine  2,  are  dk  DODKXxkfe  oenmics  such  as  silicoii 

caibide,  sflicoo  idtrkle,  bofoo  nitride,  etc^  niateriab  duu  are  renowned  for  dieir  hardness, 
tfaennal  stability,  and  high  softening  iwnpf jatures.  Thesepropeniesareaooiisequaioeof  die 
direeHiiniensionaUcovateidyCTnsslinlwristnictnre  of  these  materials  Seveial  of  the  pdiymers 
ftwnd  in  the  inotganic-oqganicpolyinercas^oqr,  iacladiag  poiysilanes,  polysflazanes,  and 
horop-nitrogenptdyiners,  are  used  as  reaction  intermediates  for  pyrolysis  to  noo-oadde 
ceramics. 

It  shoold  also  be  noted  that  an  intemiediaie  ^pe  of  polymer  structure  exists  between 
dun  of  linear  pcdymen  and  tinee-diinensionally  emsslmked  systems.  These  are  polymers  diat 
have  a  hi^y  branched  or  dendritic  stnicture.  Pdlysilynes  (3)  fidl  into  diis  category,  widi  their 
radiating,  branched  network  of  silicon  atoms  which  generate  a  ron^y  ^herical  overall 
stnicture.Pl 

Inflocnoe  of  ttte  Baddione  Etcmenta 

The  propertiesof  any  linear  ptdymer  can  be  understood  in  terms  of  die  influence  by  die 
backbone  system,  on  whidi  is  superimposed  the  effect  of  the  side  groups.  Thebackbcxie 
elements  affect  die  properties  in  dw  fidlowing  ways. 

Polymer  Chain  Flexibility.  The  torsional  moUlity  of  the  bends  in  a  polymer  chain  are 
reqxnsiUe  for  the  overall  duun  flexibili^,  and  ultimately  for  die  materials'  flexibility  and  its 
usesindiffnentqiplications.  A  measure  of  chain  and  materials' flexibility  is  provided  by  the 
glass  transition  tenqieratnre,  Tg,  die  tenveratore  below  wiudi  die  material  is  a  i^ass  because  of 
severely  restricted  macronxdecular  motions,  and  above  vriiich  die  chains  possess  sufficient 
bond  torsional  energy  to  generate  flexible  or  rubbery  pre^erties. 

The  chains  of  altenuting  silicon  and  oxygm  atoms  in  poly(organosiloxanes)  are  anxmg 
die  most  flexible  units  knowit  P(dy(dimediylsiloxane)(15)hasaTgof-130^,oneofdie 
kiwest  oi  an  pdymers  This  can  be  attributed  to  (a)  the  inheiendy  low  barrier  to  torskm  of  the 
Si-O  bonds,  (b)  die  ability  of  the  Si-O-Si  bond  angle  to  widen  under  moderate  tension,  a  result 
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diat  reduces  ininiiidcciilar  inientttkias,  ai)d  (c)  die  fiict  Aat,  nn^ 

die  skdeioo  siqjpacts  side  gnMq;»  oo  emy  ufAer  chain  atom  ndier  than  every  sini^  sicdetal 

reoo.  This  also  reduces  intnunoieciilarinienctions. 

A  similar  situation  exists  for  pcdypho^ihaaeoes.  FQrexaiiqde,p(d^nerl6hasaTgof 
Apin,  the  absence  of  side  groiqis  on  die  nitiogen  atoms  and  the  angular 
flexibility  of  the  P-N-P  segments  is  diou|^  to  underlie  dus  proper^.  However,  the  inherently 
low  bonier  to  twisting  of  the -PaN- bonds  (estimated  to  be  roughly  0.1  Kcal)  is  smprising  by 
oooqiarison  widi  die  situation  found  in  caibon-carbott  douUe  bonds,  h  can  be  rationalized  dun 
die  P-N  double  bonding  is  not  of  die  "orgamc"  px -p]t  donUebond  type,  but  invtdves  the 
|dios|dioras3d-orbita]sinad|cp]c  overUqi  atrangement  Twisting  of  die  bond  btinp  each  of 
die  altenudve  3d  orbitals  into  an  oveilqi  position  during  360^^  torsion.  Hence  die  barrier  is 
low.  hitrodnction<tfcarbon  atoms  into  die  skeleton  in  pcdy(caibopho^dureenes)  (7)  raises  the 
Tg  by  approximately  20PC,  and  this  is  consistent  widi  the  argument  made  above.[^^l  The 
introduction  ai  sulfur«IV,  as  in  pcdy(thioidioq>hazenes)  (8),  i^paiendy  has  litde  effect,!^^] 
udiereas  preUminaty  results  widi  sulfur- VI  systems  (9)  suggests  diat  SCHalogenXO)  units  in  the 
diain  reduce  flexiMity,  provided  dun  die  halogeno  or  organic  gioiqis  attached  to  phoqihorus 
are  small  nnits.[^^  Similaily,  die  -S(RXO)«N-  rq^eating  unit  in  poly(organo-oxo-diiazene 
(12)  is  reported  to  stiffen  dw  chain  oonqiared  to  ptdyjdioqdureaies.El'n 

Thermo-Oxidative  SuUriUty,  The  main  defect  of  organic  polymer  backbones, 
eqiedally  diose  widi  aliphatic  -C-C-  or  -€»€-  skdetal  units,  is  their  sensitivity  to  oxidaticm 
and  diain  cteavage  at  tmqieratures  above  It  can  be  argued  that  this  sensitivity  reflects 

die  tendency  for  carbon  to  foUow  reaction  padiways  duit  lead  to  hydroperoxides,  peroxides, 
and  carbon  dioxide. 

Polysiloxanes  have  a  very  thermo-oxidative  stabili^.l^l  A  strong  tmdency 
exists  for  silicon  to  combine  with  oxygen:  however,  two  of  the  bonds  to  each  silicon  are 
already  linked  to  oxygen.  Ifonce,  there  is  no  oxidative  driving  force  for  skeletal  cleavage. 
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TliU  is  not  necessarily  tnie  for  the  btcUxMies  in  polysilaiies,  pdysUynes,  or  carbosflanes, 
nMch  aie  reported  to  be  sensitive  to  ooddatkxL 

Polyiriioqphaneiies  also  are  lesistant  to  skeletal  (»ddative  deavage  at  elevated 
tempeiaiuies.  Ahhoagh  phoqihorus,  hke  sihcoa,  has  a  strong  tendency  to  combine  widi 
oaqrgen,  the  phosphorus  atoms  in  phoqdiaaenes  are  aheac^  in  one  of  die  hii^iest  oxidation 
states  aooessibie  for  the  dement  (-fV).  Hence,  dtothermotfynamic  driving  force  for  oxidative 
skdetal  cleavage  may  be  weak.  Theinfliienoeofthecarixtoorsnlfuratomsincaibo-orthio- 
phosphanenes  such  as  7-9  is  not  yet  known. 

Gaieral  Chemical  StabiUty.  bis  often  difficult  to  sqMtrate  die  rde  of  the  skeletal 
atoms  from  the  influence  of  die  side  groiqis  widi  reflect  to  resistance  to  heat,  water,  acids, 
bases,  halogenating  agents,  etc. 

At  high  tenyerstuies,  in  the  absence  ot  mcygen,  all  linear  or  branched  pdymers  are 
diennodynainically  unstaUe  to  dqKdymerizatioa  to  snudl  mdecnle  rings  or  monomers  or  to 
random  fragmentation.  Ihe  breakdown  to  small  molecules  rqpreaents  an  attempt  by  the 
system  to  maximize  the  entropy  as  represented  by  the  TdS  tenn  in  die  usual  free  energy 
relationship.  This  is  die  reason  vriiy  many  pdysiknanes  and  pdyphosphazenes  dqxdymerize 
to  snudl-molecttle  cydk  analogues  vriien  heated  at  temperatures  above  200-250^.  Virtually 
die  only  way  to  jnevent  this  process  is  to  crosslink  die  chains  dmxidi  die  side  groups,  an 
aspect  dun  will  be  discussed  later.  Pdy(mediyl$ilane)  undergoes  an  interesting  diermal 
rearrangementl^*^!  At  elevated  temperatures  iASOPQ  carbon  atoms  from  the  mediyl  side 
groups  migrate  into  the  skekton  to  generate  a  carfaosilane  structure  (4).  This  is  a  preliminary 
stqi  en  nottfe  to  die  fonnatkxi  of  sUicon  carbide. 

The  stabiliQr  of  a  pdymer  to  aqueous  media  is  usually  one  of  the  primary  requirements 
forteduKdogicalapplicatioos.  Hydrolytic  stability  is  sonoedmes  difficult  to  predict  on  die 
basis  of  die  chain  structure  The  sUicon-oxygen  bonds  in  poly(organosiloxanes)  are  in 
principle  ahnost  as  sensitive  to  hydrolydc  cleavi^e  as  are  dieir  counterparts  in  linear  silicates. 
The  fact  that  most  p(dy(ofganosi]oxanes)  ate  stable  to  aqueous  media  reflects  the  protective 


7 


fbactkmofdiehydroiriiobKorgaiiksidegio^  The  same  is  true  <rfp(riyirfioqdiazraes. 

Moat  polyplioqihaaaes  are  stable  to  water  and  aqueous  add  or  base.  But,  if  an  organic  side 
gioap  (such  as  amino  add  ester  side  unit)  can  be  hydrdyzed  and  rq;>laced  by  an -CXI  side  unit 
linkedtophoqtous,areaiiangement  occurs  in  ududi  the  proton  migrates  fiom  oxygen  to 
slEdetalphoq>horus,8atniaiing  the  skdeton  and  tendering  the  resultant  plio<q)hanne 
susoqidble  to  l^didytlc  sketelal  deavage.  This  is  an  example  of  a  system  in  uiudt 
hydidytic  sensitivity  is  actualty  a  useful  property  since  it  underiies  die  design  of 
pdyphoQduueenes  for  bioerodiUe  medical  uses.t^  Pdysilanes  are  reported  to  be  insensirive 
to  hydndysis  eqiedally  udien  the  backbone  is  well  protected  by  hydra|riiobic  side  groiqis. 
Pdysilynes  are  also  staUe,  possidy  because  the  dendritic  atrangenoent  generares  a  more 
sterically  crowded  structure. 

Electromc  Conductivity.  The  "exotic  organic”  polymers  (Figure  2)  are  of  interest 
mainly  for  dieir  backbone  dectronic  conductivity  after  doping  widi  (uddizing  or  reducing 
agents.  Pdysilaxane  and  pdyidioqdiazene  backbones  lade  das  property,  but  pdysilane  chains 
and  silyne  dendritic  structures  are  sendconductors  after  diey  have  bera  doped. 

This  semiconduction  arises  fiom  sigma-dectron  delocalizatkm,  as  distinct  fiom  die  pi- 
dectron  delocalization  fixmd  in  die  organic  coaducton.[^^]  The  signu  (single)  bonds  in 
pdysilanes  have  bending  (<r)  and  antibonding  (CF*)  orbital  components.  As  in  solid  elemental 
silicon,  die  more  silicon  atoms  present  in  the  system  and  die  larger  die  number  of  sigma- 
oibitals,  the  greater  will  be  die  tendency  for  die  bonding  and  antibonding  levels  to  coalesce  into 
bands,  and  die  smaller  will  be  die  band  gqi.  Treatment  of  a  polysilane  with  an  oxidizing  agent 
sudi  as  A^5  removes  an  electron  from  the  silicon  chain  to  leave  a  hole  (radical  cation). 

These  are  believed  to  be  the  current  carriers. 

Optical  Pr<q>erties  Associated  with  the  Backbone.  The  polysiloxane  backbone  has  a 
broad  window  of  transparency  (as  measured  for  poiy(dimethylsiloxane))  fiom  die  250  nm 
region  in  die  ultravidet  to  die  near  infiRBied.  The  pdyphosphazene  skeleton  (periups 
surprisingly,  in  view  of  the  formally  unsaturated  bonding)  has  a  similar,  broad  window  fixxn 


Ilie220iim  rqi^mdieuUravkriet  to  die  near  infrared.  By  contrast,  pdyalanes  with  their 
sigma-conjugation  and  relatively  easy  o  -»  o*  dectron  transitions  have  an  intense  electronic 
absoqition  in  the  300-400  nm  region  of  the  near  nltnviolel  Hie  qiiecific  absorption 
wavelength  dqiends  on  die  tenqieratme  and  die  9pes  of  side  groiqis  present  in  ways  duu 
suggest  diat  die  conformation  of  die  baddione  has  a  marked  influence  on  the  ab60|«ion 
diaxactesistics.  ftopcrties  sudi  as  idiotoconductivity  and  pieaochromic  behavior  are  also 
associated  widi  diese  idienomena.  In  addition,  because  of  the  strong  photo-absorption 
duoacteiistics  of  the  backbone,  polysilanes  undergo  facile  chain  sdssiiMi  when  inadiamd  with 
ultravkdet  light,  a  property  that  underlies  dieir  invesdgadon  as  rmcrditbognqiliic  resists. 
[2330,31]  Pidysilynes  behave  in  a  similar  fiuhion.  [32] 

The  transparency  of  the  backbone  in  qiecies  such  as  polyjdiosphazenes  or 
polysilmanes  is  an  advantage  for  qiplications  where  stability  to  visible-  or  ultraviolet  radiadcm 
is  important  (qpace  i^iplicatkms  or  tenesttial  exposure  to  intense  sunli^tt),  or  where  radiatioa- 
induced  reactions  of  die  side  groups  are  required  widxmt  affecting  the  polymer  backbone. 

Resistance  to  High  Energy  Radiation.  Ooc  of  the  most  important  advantages  of 
polymers  that  contain  no  carbon  in  die  backbone  is  their  resistance  to  chain  cleavage  when 
exposed  to  X-rays  or  y-fadiatkm.  This  is  especially  ioqiortant  ftir  medical  materials  that  must 
be  sterilized  by  radiadcm  techniques  or  for  polymers  that  must  be  radiadcm  ctosslinked  through 
die  side  groups  without  cleava^  of  the  main  chain.  Unlike  -C-C-  units,  backbcmes  that 
consist  of  -P^N- or -Si-O- units  are  reristant  to  free-radical  cleavage  processes.  Hence,  these 
inorganic  pcdymers  have  important  advanti^s  for  uses  in  all  areas  of  radiadon  technology. 

frifliMnce  of  the  Side  Groups 

As  mendoned  eariier,  die  properties  generated  a  polymer  are  a  ccmoposite  of  those 
imposed  by  the  backbone  structure  and  diose  that  result  from  the  presoice  of  different  side 
groups.  In  pracdce,  fine-tuning  of  the  properties  is  accomplished  most  easily  by  changes  in 
the  side  group  structures.  For  exanqile,  solubility  at  insolubility  in  different  solvents  depends 
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critically  on  die  types  of  ocganic  side  groaps  attached  to  die  maia  chain.  So  too  do  a  variety  of 
other  properties  fiom  materials  flexibility  to  optical  and  surface  properties. 

InfbieMXcf  Side  Groups  on  Potymer  and  Materials  Flexibility.  The  flexibility  and 
toui^iness  of  a  pcdymer  dqiend  not  only  on  the  baddxme  structure  but  also  on  die  size,  stupe, 
flexibility,  and  polarity  of  the  side  groips.  Even  dioo^  the  baddxxie  may  be  highly  flexible, 
dut  flexibility  may  be  reduced  by  die  presence  side  groups  diat  interact  strongly  widi  each 

other  via  van  derWaals  or  polar  forces.  Such  strong  interactions  will  raise  the  barrier  to 
torsicm  of  individual  repeating  units,  reduce  die  overall  chain  flexibility,  and  raise  die  glass 
transition  tenperature.  This  relatkxiship  has  been  studied  in  greatest  detail  for  the 
polyphosphazenes.  Ifowever,  die  principles  invdved  are  quite  general  and  are  believed  to 
pply  to  odier  systems  also. 

In  polyphosphazenes,  the  Tg  can  be  tuned  over  a  ran^  of  more  dum  200<^  by  side 
groip  changes.  The  larger,  more  rigid  side  units,  or  those  that  can  associate  Ity  hydrogen 
bonding,  give  rise  to  the  highest  Tg  values.  For  exanple,  die  following  progression  of  Tg's 

in  G*^R2)n  reflects  these  changes:  R  »  (XIH2CH2CH2CH3  (16)  (-105^, 
-OCH2CH2OCH2CH2OCH3  ai)  (-8400,  (X3I2CF3  (17)  (-66OO,  O-Phenyl  (19)  (-8OO. 
conpound  27  (+6800,  and  the  polymer  where  R  «  NH-Phenyl  (4910O>  Even  greater 
subtlety  is  possible  by  the  incorporation  of  two  or  more  different  types  of  groups  into  die  Mma 
polymer  molecule. 

Influence  on  Crystallinity.  The  materials' prcperties  of  pcdymersdqiend  not  only  on 
die  elements  and  side  groups  present  but  also  on  the  ways  in  which  die  prdymerdutins  interact 
with  each  odier  in  die  solid  state.  Ordered  packing  of  die  chains  gives  rise  to  iBicrociystalline 
domains.  These  serve  as  meltable  crosslinks  that  provide  strengdi  and  toughness.  The  side 
groups  attached  to  an  inorganic  polymer  chain  play  the  major  role  in  microcrystallite  formation 
since  it  is  die  side  groups  that  usually  dominate  in  intramolecular  inreractions.  Again, 
illustrations  from  phosphazene  polymer  chemistry  will  make  this  clear. 


Pcriymer  17,  poly[bis(tiiaiiaroedioocy)(ritociriuae^  fonns  nnaocrystaUine  fibers  and 
filtM.133]  So  too  does  pcdymer  19.  pdy(di]rfienoxyidK)sirfiazene).[3^]  Ifowever.die 
countopait  pcdymers  dial  contain  two  siimlar  but  different  types  side  gioq)s,  18  and  20,  are 
ainocidioiis.[^«^^  Thisisbecansedielackcrfiiioleciilarsynmaetiy  in  ISand^inevaitsan 
ordered  packing  of  die  chains.  Moreover,  pcdymers  16  and  21  are  amoqdKWS  even  tfaou^ 
only  one  type  side  groqi  is  linked  to  each  diain.(2^)  Here,  die  hi^  flexibility  and 
conformational  disorder  (rf  the  side  groups  prevents  ordered  packing  in  die  solid  state.  Thus,  it 
will  be  clear  that  multiple  opportunities  exist  for  tailoring  the  physical  properties  by  the 
rational  introduction  ci  differoit  side  groups. 

Optical  Properties.  Five  different  types  optical  properties  can  be  designed  into  an 
inorganic  polymer  by  the  incorporation  of  ^lecific  side  groups.  These  are:  optical  absoiptitm 
in  die  UV  or  visible  over  and  above  that  in^osed  by  the  backbone,  tailored  refiactive  index, 
side  chain  liquid  crystallinity,  m»-linear  optical  behavior,  and  photochromism. 

If  die  backbone  is  transparent  in  a  particular  regioa  of  die  spectrum,  die  optical 
absmption  can  be  controlled  by  the  ^lectcal  characteristics  of  the  side  groups.  Thus,  for 
pcdyphosphazenes,  which  are  tranqiarent  throughout  the  visible  and  near  ultraviolet,  side 
groups  can  be  incorporated  diat  absorb  in  specific  regitms  within  this  window.[^  This  is 
useful  for  the  preparation  of  optical  filters  and  fca  the  design  of  photosensitive  films  for  use  in 
photography  or  photolithogrtqihy. 

The  ability  to  tune  the  refiactive  index  of  a  ptdymetic  material  is  inqiortant  in  the 
design  of  polymers  for  lightweight  Irases,  prisms,  and  qitical  waveguides.  Because  the 
refiactive  index  of  an  organic  coaqx»d  varies  with  the  number  of  pi-electrons  in  the  molecule, 
the  refractive  index  of  a  polymer  can  be  adjusted  by  the  r^lacement  of  one  type  of  side  group 
by  anodier  that  has  a  diffoant  number  of  pi-electr(His.[37]  Polypho^hazenes  are  particulariy 
tqipropriate  for  this  type  of  property  tuning  because  the  side  groups  can  be  chan^  so  easily 
(see  later).  Polymer  22  forms  a  glass  that  has  a  refractive  index  of  1.686  at  623  nm. 
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Side  groups  that  fonn  liquid  oystalline  domains  can  be  linked  to  flexible  polymer 
chains,  such  as  polysiloxanes  or  polypho^hazenes  to  genente  liquid  oystalline  polymers  such 
as  Similariy,  polarizaUe  organic  side  groiq>s,  as  in  24,  can  be  poled  at  tenq)eratiires 

above  die  polymer  Tg  to  generate  second  order  NLOactivityi^]  Pcdymer  24  has  a  high 
initial  d33  coefficient  of  34>45pm/V,udiich  is  similar  to  duuttfliddumniobate.  Hnally, 
polymer  25  is  an  example  of  a  photoduomic  materiaLt^^ 

In  all  of  these  exanqiies  die  inorganic  pdymer  chain  serves  as  a  stable  and  optically 
tran^Muent  platform  for  the  photoactive  side  groups.  This  is  also  true  for  polymers  that  bear 
side  groups  diat  react  under  the  influence  of  radiation,  as  discussed  in  the  following  sectioL 

SideGroups  that  are  Sensitive  to  UV  and  Higher  Energy  Radiation.  Polymer26hasa 
high  sensitivity  to  crosslinldng  dirou^  the  side  groiqis  when  ei^osed  to  an  electnm  heam.t^^l 
This  polymer  has  been  studied  as  a  resist  material  for  electron  beam  microlithography. 
Polyphosphaaenes  that  bear  alkyl  ether  side  groups,  such  as  21,  undergo  facOe  crosslinking 
whoi  exposed  to  ‘y-rays,  a  reaction  which  involves  free  radical  C>H  and  C-C  b(»d  cleavage, 
followed  by  cross  combinati<»  between  differrat  chains.[^^>^3  This  crosslinking  process  has 
been  studied  as  a  route  to  bkmiedical  hydrogels,  dimensionally  stable  solid  polymeric 
electrolytes,  and  for  grafting  biomedically  cooqiatible  surfaces  onto  other  polymers.  The  same 
side  groups  can  be  crosslinked  by  ultraviolet  radiation.  As  moitioned  in  an  earlier  section,  it 
is  the  radiation  stability  of  the  inorganic  backbone  that  favors  the  use  of  Aese  polymers  in  this 
type  of  process. 

Electronic  Conductivity  via  the  Side  Groups.  A  number  of  systems  exist  in  which  the 
inorganic  backbone  serves  as  an  electrically  inert  platform  for  side  groups  that  favor  electrcntic 
conduction  in  the  solid  state.  Perhaps  the  most  dramatic  of  these  are  the  siloxane- 
{dithalocyanine  polymers  which,  when  defied  with  an  oxidizing  agent,  show  metal-level 
ccxiductivity.  The  conductimi  pathway  is  via  the  phthalocyanine  side  groups,  perhiqis  assisted 
by  the  counter  anitms  present  in  the  lattice. 
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Pcdyfriio^hazeiies  with  fenocene  side  gn)iq)s  (27)  can  be  tnddiaed  chemically  or 
electrochemically  to  yield  semiconducting  solids.  The  electroactivity  arises  fitom  die 
metallocene  side  groqis  and  not  from  die  bacldxme.  Fuidiemiare,  polyphoqihazenes  widi 
pyrrole,  thiqihene,  or  fuian  side  groups  undeigo  limited  side  group  pcdymerizadon  and  become 
conductive  udien  oxidized  chemically.E^] 

Ionic  Conductivity  ArisUtg  From  Side  Group  Structure.  One  of  die  most  promising 
solid  pdymeric  ionic  conductors  for  use  as  the  electrolyte  in  solid  rechargeaUe  lidiium 
batteries  was  discovered  as  a  result  oi  a  collaboradon  between  members  td  the  audiof's 
syndiesis  group  at  The  Pennsylvania  State  Universi^  and  the  dectrochemistty  groiqi  of  D.  F. 
Shriver  at  Northwestern  University.t'^^^^]  The  objecdve  of  the  research  was  to  design,  find 
pathways  for  the  synthesis,  and  evaluate  die  dectrochemistty  of  a  new  polymer  that  would  be 
an  improvement  over  poly(ethylene  oxide)dithium  triflate,  die  normd  standard  in  this  area. 

The  macromolecule  known  as  MEEP  ^1)  was  the  outcome  of  diis  work,  a  polymer 
designed  to  utilize  the  high  chain  mobility  of  polyphosphazoies  and  the  flexibiUty,  cadon 
conqilexaticMi-,  and  ion-pair  separaticm-prqieities  of  oligo-alkyl  ediers.  Unlike  poly(ethylene 
oxide),  MEEP  is  conqiletdy  anxiiphous,  and  has  a  low  Tg  of  -80^.  Solid  soludons  of 
lithium  triflate  in  this  polymer  show  room  temperature  conducdvides  neatly  three  orders  of 
magnitude  higher  than  in  poly(ethylene  oxide).  The  invesdgadon  of  diis  system  as  an 
electrolyte  in  lightwdght,  large  surface  area,  lithium  batteries  is  continuing,  with  qiecial 
emphasis  on  electrolytes  that  are  crosslinked  by  radiariew  techniques.  A  similar  system  to 
MEEP,  but  based  on  a  siloxane  backbone,  has  also  been  reported. 

Influence  of  the  Side  Groups  onThermai  Behavior.  The  types  of  side  groups  linked  to 
an  inorganic  polymer  chain  have  a  striking  influence  on  the  reqxmse  of  the  polymer  to  elevated 
temperatures.  If  the  side  group  is  itself  reladvdy  unreaedve  at  high  ten^ieratures,  as  in  the 
exan^les  shown  in  IS,  17, 19,  or  28,  the  main  reaction  will  be  the  depolymerizadcm  of  the 
polymer  to  small  noolecules,  probably  cyclic  spedes  with  the  same  repeating  structure  as  the 
high  polymer.  In  this  case,  as  mentioned  earlier,  large  side  groups  that  generate  intennolecular 
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tteric  itpttbkwi  will  lower  the  tenyerature  «t  which  dqK^ymerinrion  occurs,  because 
«iiywiymi>i4Mrin«  triigfWM  tiii»  «ngig  mii«fr»iiitx  [561  Qd  tfw  Other  hand,  if  Ae  Side  groiQM  leact 
with  other  side  groups  at  hi^  temperamres,  e^iecially  by  condensation  or  firee  radical  cross- 
conrtwuttionieactioostdien  crosslinks  witt  be  formed  Extensive  ciDssUnldng  will  generate 
oeianiics.[^ 

The  now-dassical  exanqiles  this  oosslinking  process  invcdve  die  conversion  of 
polysilanes,  caibosilanes,  and  silazanes  to  silicMi  carbide  or  silioon  nitride.tlO*^l  TheallQrl 
side  group  condensaticm  process  involves  volatilization  of  alkanes  or  hydrogen,  and  eventually 
leads  to  a  total  loss  die  organic  components.^*^^]  Similar  processes  occur  during  die 
formation  <rf  boron  nitrideC^^^l  andidiosidioros  ninidesl^]  from  die  coneq[xmding 
inorganic-organic  polymers.  The  advantages  of  the  precenimic  polymer  processes  are  that  the 
material  can  be  shi^ied  at  the  linear  or  farandiedptdynier  level  before  crosslinldng  occurs.  The 
onset  of  crosslinldng  stabilizes  die  sh^ie  of  the  objea  under  conditions  where  liquefaction  of  a 
linear  pcdymer  would  normally  occur. 

Side  Groins  for  Biomedical  Properties.  Pcdymeric  materials  are  beconnng 
increasingly  inqiortant  as  biomedical  materials  -  as  inert  iqilacements  for  living  tissues,  as 
membranes,  microenc^isulants,  and  bioerodible  materials  for  controlled  drug  delivery  or 
tenqioraty  tissue  reinforcement  Two  classes  of  inorganic  polymers  -  polysiloxanes  and 
polyphosphazenes  are  at  the  forefront  of  these  develt^iments.  Ptdy(dimediylsiloxane)  is 
widdy  used  in  biomedicine  as  an  inert  elastomer  and  as  a  matrix  frir  the  diffusion  release  of 
birth  contnti  drugs,  mainly  because  of  its  elasticity  and  hydrophobic  character,  which 
discourage  biological  rejection  mechanisms.  As  mentioned  earlier,  it  is  die  Si-CHs  side  units 
diat  defme  the  hydrophobic  character. 

The  potential  for  biomedical  uses  are  fsr  greater  for  polypho^hazenes  because  (a)  die 
side  groups  can  be  varied  to  generate  elastidty,  water  stdubOity,  hydrogd  formation, 
hydrophobicity,  antibacterial  character,  bioerodibility,  membrane  formaticm,  and  microcjqisule 
formation,  and  (b)  the  choice  of  epptopnsse  side  groups  allows  die  possilnlity  of  hydrolytic 


degradatk»tDhannles8sinaUin(rfecuIesdiatcanbeinetaboliaBdorexcreied.[^  Paluq>sdie 
most  striking  lecent  biooiedical  development  is  die  use  of  pdymer  29,  cxosslinked  calcium 

cations,  as  a microenciysulalion  hydrogel  formaimnalian cells,  proteins,  and  microoiganisnis. 
[63,64]  Odier  biomedical  pdymersdiatdqiend  for  dieir  properties  on  die  side  groiqis 
attached  to  a  pcdyidiosidiazene  diain  have  been  described  in  a  recent  review  dhiqiter.I^ 

It  could  be  argued  diat  all  of  diese  side  groq)  variations  can  be  used  to  tone  die 
properties  of  organic  badrbonepdymers,  and  diis  is  partially  true.  However,  die  inorganic 
baddione  systons  provide  a  special  advantage  widi  respect  to  conversion  of  polymers  to 
cetamics,  optical  transparency,  and  biomedical  attiribates.  Moreover,  at  least  in  die 
polyjdiosphazene  series,  the  mediod  of  syndiesis  allows  a  fiar  wider  range  of  side  groups  to  be 
linked  to  die  bacltixme  than  in  organic  polymer  systems  and  fiawors  higuer  loadings  of  "active” 
side  groups.  This  fact  is  illustrated  below. 

Metliods  of  Synthesis 

Ring-OpenUig  Polymerization..  Theprimary  method  for  die  assonblyttf  long  chain 
inorganic  polymer  bacldxmes  is  die  ring-cqiening  polymerization  of  small-molecule  cyclic 
species.  Three  exanqiles  are  shown  in  Schone  1,  and  these  are  the  main  access  routes  to 
polysiloxanes,  polyphosphazenes,  and  polysilanes.  A  novel  variaticm  is  shown  in  the  fourth 
reaction.^^]  The  polymer  obtained  by  die  phosphazenepolymerizaticm  shown  in  die  third 
reaction  is  not  a  final  product,  but  rather  is  a  macromolecular  intermediate  for  use  in  polymer 
substitution  reactions.  This  was  die  basis  of  our  discovery  of  poly(organophosphazenes) 
and  it  underlies  the  presoit  broad  diversity  of  diis  system. 

Macromolecular  Substitution.  One  of  die  most  important  advantages  of  phoqihazene 
polymer30isitshighreactivity  to  replacement  of  the  chlorine  atoms  by  organic  groups,  as 
illustrated  in  Schone  n.  This  high  reuxivity  is  virtually  unique  in  polymer  chemistry,  and  it 
results  fiom  the  presence  of  the  inorganic  backbmie  and  the  ease  of  replacement  of  chlmine  (or 
fluorine)  atoms  linked  to  phosphorus.  The  significance  of  this  process  is  diat  a  ^cty  wide 


nnge  of  different  organic  or  organommillic  nde  groups  can  be  linked  to  die  backbone  without 
tiu  need  to  mxmMe  a  new  pt^ymerckdnfor  each  new  example.  Rom  a  polymer  de$ign  and 
gyndiesU  vtewpoint  this  is  an  enonnoitt  advinttfe  dutt  has  lo  te  allowed  access  to  inore  that 
300  different  9pes  of  phoqduueene  pdymen  eadi  with  a  diffeient  set  of  propcAks.!^] 

Condensation.  The  Hnlaige  of  snadUdifonctionalmoleciilcs  via  die  elimination  of 
small  nx^cnlessudi  as  water  is  die  main  method  for  the  syndiesu  of  oisanicpcdymer  as 

polyamides  and  pcdyesten,  and  of  totally  inoiganic  pdymers  sndi  as  ptdysilicales  and 
ptdyphoqihaies.  Condensations  of  a  different  Idnd  are  enyloyed  for  the  synthesis  of 
pcdysilanes  and  sUynes,  in  vdiich  chlorine  atoms  are  removed  by  treatment  with  a  nxdten  alkali 
metal  such  as  sodium  (Scheme  Also,  Sdieme  in  shows  condensation  routes  to 

pdyidiosphazBnes,  which  allow  die  synthesis  of  pdymeis  not  aooessiUe  via  die  reactions  of 
intennediate  30.1^5-69] 

Addition  Pofymeriiation.  Unlike  the  situation  in  organic  polymer  diemistry,  addition 
reactions  play  a  relatively  insignificant  nde  in  inorganic  pdymersyndiesis.  Themain 
excqition  is  where  the  inorganic  oon^KMient  is  the  side  group  unit  and  die  backbone  is  an 
organic  chain. 

Surface  Reactions.  At  the  materials' rather  than  die  molecular  level,  it  is  possiUe  to 
synthesize  ^lecial  surfaces  by  cfaemistiy  earned  out  in  the  surfoce  region  of  an  inorganic- 
organic  pedymer.  Again,  die  largest  number  (rfexanqiles  have  been  rqxnted  for 
p(dypliosphazenes,r70,71]  but  principles  are  q^licable  to  odier  inorganic  polymer  sysions 

as  well 

Compodtes.  Rnally,  a  hybridization  erf  linear  inorganic  polymer  chemisiry  with  sol- 
gel  ceramic  processes  has  been  adiieved  by  the  ptqiaration  of  composiles  that  invedve  MEEP 

(21)  and  silicon,  titanium,  zirconium,  or  alumittom  oxide  crosslinkedgels.r72,73]  These 

conyosites  have  improved  mechanical,  o^nical,  and  ionic  ccMiductivi^  properties  compared  to 
die  individual  components. 
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ThefiddofinocpniciKdynMnustflliiiitsiiifimcy.  Apart  from  polysfloxaiie 
tecimcriogy .  liriiich  U  wdlHdvaDoed.  most  odier  areas  are  stQl  at  the  ftafe  of  devdopmeat  of 
^yndiesis  mediods,  moleciilar  and  inaterials  chaiacterizatioii,  and  stroctDie^^ 
oondatioos.  Specific  polypho^diaaeneelastoiners  are  nianiifrctiiied  for  nae  as  broad 
tempcnittiTe  range,  non-bnming  oil-,  heat-,  and  chemically  resistant  applications,  but  die 
emeil^g  biomedical,  suffroe,  dectndytic,  and  ekcaD-opdcal  uses  may  wen  dominate  the 
fittnre.  The  future  of  ptdysUanes  and  polysilynes  win  undoubtedly  revolve  around  their  nde 
in  syndiesixed  oetamics  and  dieir  uses  in  die  electronics  industry. 

But  die  best  dues  to  the  future  of  die  field  inosganic  polymen  are  to  be  found  in  die 
materials  properties  that  cnniior  be  adueved  using  commercial  organic  pdymen.  This 
includes  die  wide  range  of  properties  that  are  now  taken  for  granted  for  totaUy  inorganic 
inatetials,  as  surrunarued  in  Hgure  1.  From  a  researdi  point  d'vuw,  die  need  for  die  future  is 
to  use  the  principles  summarized  in  dus  article  to  devise  and  prqiare  pdymere  that  contain 
dements  other  dian  or  in  addition  to  silicon,  phoqdiorus,  sulfur,  and  carbon,  and  to  understand 
die  ^lecial  advantages  that  ewh  new  dement  confers  on  die  pdymer  and  on  die  materials 
properties.  In  this  way,  new  materials  can  be  designed  diat  will  play  a  key  rde  in  die  future 
development  of  materiab  science  and  techndogy. 
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TYPES  OF  MATERIALS 
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FIgnreL  The  four  classical  types  (rfmaterhds  and  their  relationsiiip  to 
new  hylMid  materials  that  combine  the  strengths  and  minimize 
die  weaknesses  of  existing  substances. 
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